Introduction
============

Magic-angle angle spinning (MAS) NMR is a powerful method to obtain atomic resolution structures of many systems of chemical, biological, and physical interest. Unfortunately, the inherent low sensitivity of the method places limitations on the size and complexity of the structural studies for which it can be used.[@cit1] Dynamic nuclear polarization (DNP) represents an approach to address this sensitivity problem[@cit2]--[@cit6] and in recent years DNP was successfully employed to answer structural questions in complex chemical and biological systems,[@cit7]--[@cit15] and in materials science.[@cit16]--[@cit23]

MAS-DNP NMR spectrometers typically rely on NMR probes compatible with operation under cryogenic conditions (80--100 K)[@cit24]--[@cit26] and dedicated gyrotrons for the required high-frequency, high-power continuous microwave irradiation at frequencies up to 527 GHz.[@cit27]--[@cit31] Paramagnetic polarizing agents are introduced into the NMR sample, usually in the form of stable free radicals such as bisnitroxides.[@cit32] Continuous microwave (μw) irradiation at or near the electron Larmor frequency (*ω*~0S~) induces the transfer of the large electron spin polarization to surrounding nuclear spins, generating ^1^H NMR signal enhancements up to a factor of 658.

The cross-effect (CE) mechanism[@cit33]--[@cit37] is currently the most efficient way to enhance this nuclear polarization and as it requires two interacting electrons, biradicals are the polarizing agents of choice.[@cit38]--[@cit43] The combination of CE and MAS generates the polarization transfer through a series of energy level crossings/anti-crossings (rotor events).[@cit44]--[@cit46] Specifically, during the sample rotation the μw irradiation periodically generates a large polarization difference between the two electron spins and this polarization difference is periodically transferred to the nuclei during CE rotor events (where \|*ω*~0,S~a~~ -- *ω*~0,S~b~~\| ∼ \|*ω*~n~\|).[@cit44]--[@cit46] However, recent contributions[@cit47]--[@cit49] have also shown that the Boltzmann equilibrium nuclear polarization can be substantially depleted by the presence of bisnitroxide polarizing agents and sample spinning alone. For instance, ^1^H NMR signals at 9.4 T and 100 K from samples doped with bisnitroxides TOTAPOL[@cit39] and AMUPol[@cit42] show a decrease of the equilibrium intensity in the absence of μw irradiation and during MAS of ∼20 and ∼60% compared to an undoped sample, respectively.[@cit48] This phenomenon, called depolarization,[@cit47] corresponds to the CE mechanism in absence of μw irradiation and it has been shown to limit the DNP efficiency.[@cit48],[@cit49] Additionally, like most continuous-wave DNP mechanisms (with the recent exception of the Overhauser effect[@cit50]), the CE efficiency decreases at higher magnetic fields.[@cit2],[@cit28],[@cit31],[@cit48],[@cit50],[@cit51] Although current bisnitroxide polarizing agents have provided success in a variety of challenging applications at moderate magnetic field (up to 10 T), the actual sensitivity gain at higher magnetic fields (14.1 and 18.8 T, corresponding to 600 and 800 MHz for ^1^H, respectively) is drastically decreased and thus directly compromises the study of more complex systems that require higher resolution.[@cit6],[@cit27]--[@cit30],[@cit48],[@cit51]

In this paper we show that the current sensitivity limitation at high magnetic field can be overcome through the use of heteroradical polarizing agents, *e.g.* trityl-nitroxide biradicals. Notably, we report unprecedented sensitivity gains that translate into one order of magnitude of additional time-savings compared to the best polarizing agents currently in use at 18.8 T (the highest magnetic field available to date for DNP). The improved NMR sensitivity achievable using TEMTriPol-1, a trityl-nitroxide biradical recently introduced by Mathies *et al.* ([Fig. 1](#fig1){ref-type="fig"}),[@cit51] is shown to enable the acquisition of the first natural isotopic abundance 2D ^13^C--^13^C correlation spectrum at very high magnetic field (18.8 T). Note that the natural isotopic abundance of ^13^C nuclei is 1.1% and that the corresponding sensitivity for this type of 2D experiment is thus reduced by a factor of 10^4^ compared to ^13^C-labeled materials. This type of experiment, which provides direct access to atomic-scale spatial proximities and structural constraints (*e.g.* internuclear distances), was thus far not reported at such a high magnetic field.

![The molecular structure of TEMTriPol-1.[@cit52] The unpaired spin density of the trityl radical is highly delocalized and extends well into the linker with the nitroxide. The exchange interaction between the two unpaired electrons can therefore be modulated by changing the chemical structure of the linker.[@cit51],[@cit53],[@cit54]](c7sc02199b-f1){#fig1}

More specifically, we show that unlike the bisnitroxides currently in use for CE DNP (*e.g.* AMUPol, TOTAPOL),[@cit39],[@cit42] TEMTriPol-1 [@cit51] does not produce an observable depolarization effect and yields the highest absolute polarization enhancement at 9.4, 14.1 and 18.8 T, for MAS frequencies up to 14 kHz. The rationale behind these observations is explained through the use of advanced numerical simulations. The absence of depolarization can be explained as a consequence of the EPR lineshapes (width and position) of the two electron spins within a trityl-nitroxide biradical: a narrow line from trityl and a broad pattern from TEMPO, with their isotropic *g*-values separated approximately by the ^1^H Larmor frequency. In absence of electron--electron coupling and upon spinning, the average electron polarization of each radical moiety tends towards its isotropic value which thus avoids ^1^H depolarization through CE. This polarization difference is maintained as long as inefficient electron--electron rotor events are minimized which is the case for TEMTriPol-1. The present study also explains the improved performance as a result of the combined effect of efficient CE rotor events, due to large exchange interactions (\>10 MHz), and the ability to saturate narrow line radicals, like trityl, with less μw power even at high field and during fast spinning. In addition, high-frequency EPR of TEMTriPol-1 shows the presence of a broad distribution of exchange interactions, arising from a corresponding distribution of molecular conformations, which rationalizes why the efficiency of TEMTriPol-1 is preserved over a large field range, as previously observed by Mathies *et al.*[@cit51] This understanding of the performance of TEMTriPol-1 will undoubtedly lead to the design of new polarizing agents for high-field DNP/MAS NMR based on heteroradicals, bringing subsequent improvements and thus allowing detailed studies of systems with greater complexity.

Materials and methods
=====================

Sample preparation
------------------

TEMTriPol-1 was synthesized as described earlier.[@cit52],[@cit55],[@cit56] AMUPol was purchased from CortecNet, France. DNP experiments were performed on frozen solutions of 10 mM biradical in d~8~-glycerol : D~2~O : H~2~O 60 : 30 : 10 v/v/v with 1 or 2 M ^13^C-urea (as indicated in the text) (Cambridge Isotope Laboratories Inc., Andover, MA), packed into 3.2 mm sapphire rotors. For the cellulose sample, isotopic natural abundance (NA) microcrystalline cellulose powder from Sigma-Aldrich was impregnated with a 10 mM TEMTriPol-1, 2 M ^13^C-urea, d~8~-glycerol/D~2~O/H~2~O (60 : 30 : 10 v/v/v) solution (previously used to perform the measurements reported in [Table 1](#tab1){ref-type="table"}) and packed into a 3.2 mm sapphire rotor.

###### Summary of the experimental factors that characterize the CE DNP performance of TEMTriPol-1 and AMUPol at 9.4, 14.1 and 18.8 T. Experimental details and definitions for *ε*~on/off~, *χ*~depo~, *χ*~bleach~, *ε*~abs~, *T*~B~ and *E* are given in the Materials and methods section

                                                                                           *ε* ~on/off~   *χ* ~depo~                               *χ* ~bleach~                             *ε* ~abs~   *T* ~B~/s   ![](c7sc02199b-t8.jpg){#ugt8}   *E*
  ---------------------------------------------------------------------------------------- -------------- ---------------------------------------- ---------------------------------------- ----------- ----------- ------------------------------- -------------------------------------------
  **9.4 T/∼110 K** [^*a*^](#tab1fna){ref-type="table-fn"}                                                                                                                                                                                           
  TEMTriPol-1                                                                              60             1                                        0.85                                     51          1.9         37                              248[^*g*^](#tab1fng){ref-type="table-fn"}
  AMUPol[^*c*^](#tab1fnc){ref-type="table-fn"} ^,^[^*d*^](#tab1fnd){ref-type="table-fn"}   190            0.4                                      0.79                                     60          2.9         35                              284[^*h*^](#tab1fnh){ref-type="table-fn"}
                                                                                                                                                                                                                                                    
  **14.1 T/∼100 K** [^*b*^](#tab1fnb){ref-type="table-fn"}                                                                                                                                                                                          
  TEMTriPol-1[^*e*^](#tab1fne){ref-type="table-fn"}                                        87             1                                        0.81                                     70          3.0         40                              352[^*i*^](#tab1fni){ref-type="table-fn"}
  AMUPol[^*e*^](#tab1fne){ref-type="table-fn"}                                             158            [^*f*^](#tab1fnf){ref-type="table-fn"}   [^*f*^](#tab1fnf){ref-type="table-fn"}   57          3.3         31                              290[^*j*^](#tab1fnj){ref-type="table-fn"}
                                                                                                                                                                                                                                                    
  **18.8 T/∼125 K** [^*a*^](#tab1fna){ref-type="table-fn"}                                                                                                                                                                                          
  TEMTriPol-1[^*d*^](#tab1fnd){ref-type="table-fn"}                                        51             1                                        0.84                                     43          6.6         17                              152[^*k*^](#tab1fnk){ref-type="table-fn"}
  AMUPol[^*d*^](#tab1fnd){ref-type="table-fn"}                                             19             [^*f*^](#tab1fnf){ref-type="table-fn"}   [^*f*^](#tab1fnf){ref-type="table-fn"}   10          6.5         4                               37[^*k*^](#tab1fnk){ref-type="table-fn"}

^*a*^Measured at *ω*~r~/2π = 10 kHz.

^*b*^Measured at *ω*~r~/2π = 8 kHz.

^*c*^Data from the series of experiments reported in Mentink-Vigier *et al*.[@cit48] using 12 mM AMUPol.

^*d*^2 M [@cit13]C-urea.

^*e*^Data from the series of experiments reported in Mathies *et al*.[@cit51]

^*f*^ *χ*~depo~*χ*~bleach~ = 0.36 and 0.54 for 14.1 and 18.8 T, respectively.

^*g*^ *T*~1,undoped~ = 45 s.

^*h*^ *T*~1,undoped~ = 65 s.

^*i*^ *T*~1,undoped~ = 76 s.

^*j*^ *T*~1,undoped~ = 86 s.

^*k*^ *T*~1,undoped~ = 80 s.

MAS-DNP NMR spectroscopy
------------------------

### Quantification of enhancement, bleaching, and depolarization

The efficiency of DNP is often assessed simply by taking the ratio of the signal intensity in the presence and absence of μw irradiation.*ε*~on/off~ = *I*~on~(*ω*~r~)/*I*~off~(*ω*~r~)where *ω*~r~/2π is the spinning frequency (in Hz) at which the DNP/MAS NMR experiment is performed. In the case of the Solid/Overhauser effect this is a reasonable approximation. However, to accurately determine the absolute signal gain for the CE (compared to undoped samples), *ε*~abs~, attenuation of the NMR signal due to bleaching effects and especially depolarization during MAS must be incorporated into the measurement.[@cit48] In particular, the absolute signal gain is a product of three factors*ε*~abs~ = *I*~on~(*ω*~r~)/*I*~undoped~ = *ε*~on/off~*χ*~bleach~*χ*~depo~where *χ*~depo~ = *I*~off~(*ω*~r~)/*I*~off~(0) is the MAS-induced contribution factor accounting for depolarization (also called *ε*~depo~ ([@cit48]) and *χ*~bleach~ = *I*~off~(0)/*I*~undoped~ is the contribution factor accounting for paramagnetic bleaching. This can be rewritten as: *ε*~abs~ = *ε*~B~*χ*~bleach~, where *ε*~B~ = *ε*~on/off~*χ*~depo~ represents the nuclear polarization enhancement factor (relative to the Boltzmann equilibrium polarization) generated by the continuous μw irradiation. This factor can be compared directly to simulations and to the theoretical maximum enhancement, *e.g. γ*~e~/*γ*~^1^H~ = 658 for ^1^H. In the remainder of this manuscript this enhancement will be referred to as the nuclear Boltzmann enhancement.[@cit46],[@cit48],[@cit49]

To facilitate the comparison between different polarizing agents, and independently of the DNP mechanism involved, the effective signal per unit square root of time should be compared, which can be done straightforwardly by calculating ![](c7sc02199b-t1.jpg){#ugt1} (or ![](c7sc02199b-t2.jpg){#ugt2}), where *T*~B~ is the time constant for the build-up of nuclear polarization, measured on a doped sample.[@cit17] Alternatively, one can also use the "practical sensitivity gain", *E*, introduced by Corzilius *et al.*[@cit57] With the definitions given above, *E* takes the following form![](c7sc02199b-t3.jpg){#ugt3}where *T*~1,undoped~ is the *T*~1~ of the bulk nuclei to which the electron polarization is transferred.

### Experimental

MAS-DNP experiments at 400 MHz/263 GHz (9.4 T -- Grenoble), 600 MHz/395 GHz (14.1 T -- Billerica), and 800 MHz/527 GHz (18.8 T -- Lyon) were performed on Bruker Avance III spectrometers,[@cit27] all capable of sweeping the main magnetic field, *B*~0~, at least ±50 mT and equipped with low-temperature 3.2 mm DNP/MAS probes that achieve *ω*~r~/2π ≤ 15 kHz at ∼100 K. ^1^H spectra were obtained using a (π/2)-pulse with a Rabi frequency *ω*~^1^H~/2π = 100 kHz. ^13^C spectra were recorded using {^1^H--}^13^C cross polarization (CP) both in the presence and absence of μw irradiation. Time constants for the buildup of ^1^H polarization *T*~B~(^1^H) were determined indirectly by detecting the ^13^C NMR signal after saturation-recovery of ^1^H prior to CP. For signal averaging of the ^1^H spectra we used a recycle delay of 7*T*~B~(^1^H) to ensure a complete return to equilibrium of the ^1^H spins between transients, and for the {^1^H--}^13^C CP spectra we employed a delay of 1.26*T*~B~(^1^H) to optimize sensitivity.

EPR spectroscopy -- 285 GHz EPR
-------------------------------

The 285 GHz continuous-wave (CW) EPR spectra were recorded at the Laboratoire National des Champs Magnétiques Intenses (LNCMI, Grenoble, France) on a custom-built CW EPR spectrometer.[@cit58],[@cit59] Spectra shown in [Fig. 3](#fig3){ref-type="fig"} were obtained using double-pass transmission in Faraday configuration at a μw frequency of 285.00 GHz. The detection of absorption was performed with a hot electron InSb bolometer. The sample, a solution of 5 mM TEMTriPol-1 in d~8~-glycerol : D~2~O : H~2~O (60 : 30 : 10; v/v/v) with 1 M ^13^C-urea, was placed in a Teflon cup and inserted at liquid N~2~ temperature in the variable temperature insert of the superconducting magnet. The Teflon cup was filled over a height of about 8 mm, leading to a sample volume of about 30 μL. The temperature was measured with a Cernox resistor placed outside the modulation coil at the height of the sample. In this configuration, it is possible to detect heating due to the modulation. The temperature was maintained at 100 K, the field sweep rate was 0.30 mT s^--1^, with a field modulation of 0.4 mT. The μw power was carefully set to avoid saturation of the signal. Note that the presence of urea molecules has some effect on the EPR spectrum of TEMTriPol-1. Hence, to be consistent with the DNP experiments, the 285 GHz EPR spectrum of TEMTriPol-1 reported and analyzed here was recorded with ∼1 M urea in the DNP matrix.

MAS-DNP simulations
-------------------

The MAS-DNP simulations were performed using the computational optimization approach described elsewhere.[@cit45],[@cit46],[@cit48] The spin systems are composed of two electrons and one proton {^1^H--e~a~--e~b~}. In the μw rotating frame, the time-dependent Hamiltonian can be written as:*Ĥ*(*t*) = *Ĥ*~Z~(*t*) + *Ĥ*~HF~(*t*) + *Ĥ*~D~(*t*) + *Ĥ*~J~ + *Ĥ*~μw~ = *Ĥ*~0~(*t*) + *Ĥ*~μw~where![](c7sc02199b-t4.jpg){#ugt4} ![](c7sc02199b-t5.jpg){#ugt5} ![](c7sc02199b-t6.jpg){#ugt6} *Ĥ*~*J*~ = --2*J*~a,b~(*ŝ*~*z*,a~*ŝ*~*z*,b~ + 1/2(*ŝ*+a*ŝ*--b + *ŝ*--a*ŝ*+b))![](c7sc02199b-t7.jpg){#ugt7}where *g*~*i*~ is the *g*-tensor value for electron *i*, *ω*~μw~ the μw irradiation frequency, *A*N*z* the secular part of the hyperfine interaction between electron a (the nitroxide) and ^14^N, *ω*~*n*~ the nuclear Larmor frequency, *A*~*i*,*n*~ the hyperfine coupling between electron *i* and nucleus *n*, *D*~*i*,*j*~ the dipolar coupling between electrons *i* and *j*, and *J*~a,b~ the exchange interaction between electrons a and b (the nitroxide and trityl moieties, respectively). The μw Rabi frequency, *ω*~1,s~, is assumed to be small and is treated as a perturbation. Evolution superoperators are calculated as described in detail in [@cit46]. The nuclear Boltzmann enhancement is then calculated as ![](c7sc02199b-t10.jpg){#ugt10} or the ratio between the steady state nuclear magnetization with μw irradiation, which we assume is achieved for *Nt*~r~ ≥ 5*T*~1,*n*~, and the thermal equilibrium magnetization at *t* = 0. Powder averaging was performed over 144 crystal orientations using the ZCW sampling scheme.[@cit60]--[@cit62] For each crystal orientation the nuclear quantum number *m*~I~ of the ^14^N atom linked to electron a was randomly selected between the three possible values --1, 0, 1. The simulation code enables the computation of 4 types of energy-level crossings/anti-crossings, namely the μw, the electron--electron, the CE and the SE "rotor events".[@cit44]--[@cit46],[@cit48],[@cit49]

The *g*-tensor principal values for the nitroxide and the trityl electron spin were set to *g*~a~ = \[*g*~*x*~, *g*~*y*~, *g*~*z*~\] = \[2.0098, 2.0064, 2.0024\] and *g*~b~ = \[2.0034, 2.0031, 2.0027\], respectively. The hyperfine coupling tensor between electron a and ^14^N was set to \[*A*N*x*, *A*N*y*, *A*N*z*\]/2π = \[16, 15, 95\] MHz expressed in the Principal Axis Frame. The coupling between the electrons and the ^1^H spin were assumed to be purely dipolar, with *A*~a,*n*~/2π = 1 MHz and *A*~b/c,*n*~/2π = 0 MHz. The conformation of TEMTriPol-1 in a frozen DNP matrix is unknown and therefore the relative orientations of the *g* and dipolar tensors were chosen arbitrarily. For transformation of the principal axis system of the *g*-tensor of electron a (nitroxide) onto the *g*-tensor of electron b (trityl) the Euler angles were set to *Ω*~*g*,b~ = \[90°, 90°, 90°\]. Note that due to trityl\'s small *g*-anisotropy, this has negligible impact on the outcome of the calculations. The dipolar interaction was arbitrarily chosen to be aligned with the *x*-axis of the *g*-tensor of electron a, with *Ω*~D(a,b)~ = \[0°, 90°, 0\] and the hyperfine coupling was aligned with the *z*-axis of the *g*-tensor of electron a, with *Ω*~A(a,*n*)~ = \[0°, 0°, 0°\]. The μw irradiation strength was set to *ω*~1,s~/2π = 0.3 MHz. The longitudinal electron and nuclear relaxation time constants were set to *T*~1,a~ = 0.3 ms (TEMPO), *T*~1,b~ = 1 ms (trityl), *T*~1,*n*~ = 4 s and the transverse relaxation time constants to *T*~2,e~ = 4 μs and *T*~2,*n*~ = 0.2 ms. For the nitroxide--nitroxide simulations, the dipolar coupling was set to 35 MHz, the exchange interaction to 15 MHz, the irradiation strength to *ω*~1,s~/2π = 0.85 MHz ([@cit63]) and the *T*~1,e~ to 0.5 ms. These values are close to those recently reported by Sauvée *et al.*[@cit64] All the calculations were conducted assuming a temperature of 100 K.

Simulation of the EPR spectra
-----------------------------

Simulations of the 285 GHz CW EPR spectrum of TEMTriPol-1 were performed using the Easyspin EPR simulation toolbox.[@cit65] The spin system consisted of two electrons spins with two *g*-tensors characteristic of a nitroxide and a trityl radical, coupled *via* the exchange interaction, *J*. The presence of the ^14^N was accounted for by assuming a hyperfine coupling of \[16, 15, 95\] MHz in the nitroxide\'s *g* tensor frame. In the fitting procedure the *g*-tensor principal values, the relative *g*-tensor orientations, and the *J*-value were allowed to vary. In the TEMTriPol biradicals, the electron--electron dipolar interaction is small compared the exchange interaction and it was neglected in the fitting procedure. The linewidth was fixed at a combination of Gaussian and Lorentzian broadenings, both of 0.3 mT.

A first fit was obtained using a Monte--Carlo procedure, which performs a series of random trial simulations and chooses the optimal one. Two components with different exchange interactions were included, for which the values of *J* and the relative contributions to the EPR spectrum were allowed to vary independently.

The best parameters obtained from this procedure yielded a library of EPR spectra calculated for different *J*-values ranging from 2 to 200 MHz in steps of 2 MHz. The *g*-tensor principal values were fixed to \[*g*~*x*~, *g*~*y*~, *g*~*z*~\] = \[2.003(4), 2.003(0), 2.002(7)\] for the trityl (*g*~b~) and \[2.009(2), 2.006(0), 2.002(2)\] for the nitroxide (*g*~a~) moieties, with a relative orientation of *g*~a~ with respect to *g*~b~ of *Ω*~*g*b~ = \[90°, 90°, --45°\]. Note that the *g* values are not exact since the magnetic field in the EPR spectrum has not been precisely calibrated. The experimental spectrum was then simulated again with a Levenberg--Marquardt algorithm to find the optimal variance and relative weight of 7 Gaussian distributions centered around 7 randomly picked values of the exchange interaction. After 10000 random calculations, the best fit was selected.

Results and discussion
======================

Absence of depolarization and DNP efficiency of TEMTriPol-1 at 9.4, 14.1, and 18.8 T
------------------------------------------------------------------------------------

*ε* ~on/off~ and the depolarization contribution factor *χ*~depo~ were determined as a function of *ω*~r~/2π for TEMTriPol-1 at 9.4 T, see [Fig. 2a](#fig2){ref-type="fig"}, and compared to those of AMUPol, see [Fig. 2b](#fig2){ref-type="fig"}. The *ω*~r~/2π ≤ 10 kHz dependence of *ε*~on/off~ for TEMTriPol-1 qualitatively resembles that of AMUPol. *ε*~on/off~ increases with the MAS frequency until it reaches a plateau around 5 kHz, then remains constant up to *ω*~r~/2π = 14 kHz. The bleaching contribution factor, *χ*~bleach~, was measured as ≈0.85, in agreement with values measured for other frozen radical solutions with similar concentrations.[@cit48],[@cit57] However, the depolarization contribution factor, *χ*~depo~, for TEMTriPol-1 differs significantly from what has been previously observed for bisnitroxides.[@cit47],[@cit48] The contribution factor accounting for depolarization decreases with increasing MAS frequency to 0.4 for AMUPol at *ω*~r~/2π = 10 kHz ([Fig. 2b](#fig2){ref-type="fig"}) whereas for TEMTriPol-1, *χ*~depo~ is constant at approximately 1 up to *ω*~r~/2π = 14 kHz ([Fig. 2a](#fig2){ref-type="fig"}). In other words, we do not observe depolarization for TEMTriPol-1 at 9.4 T. Also in experiments at higher magnetic fields (14.1 and 18.8 T) the integrated μw-OFF signal of the DNP matrix doped with TEMTriPol-1 remains constant from static conditions up to a MAS frequency of 14 kHz, which shows that the absence of depolarization is field independent, see [Table 1](#tab1){ref-type="table"}.

![Experimental (a, b) and simulated (c, d) MAS frequency dependence of *ε*~on/off~ (left axis, black), *ε*~B~ (left axis, red), and *χ*~depo~ (right axis, blue) for trityl-nitroxide (a, c) and nitroxide--nitroxide (b, d) based biradicals. Nuclear polarization was determined *via* the ^1^H signal integral. The μw frequency was 263.67 GHz and the magnetic field set to the position giving maximum ^1^H signal intensity. Experimental data from Mentink-Vigier *et al.*[@cit48] is reproduced here in (b) as a comparison to the data in (a). Definitions for *ε*~on/off~, *ε*~B~, and *χ*~depo~ and. the biradical geometry are given in the Materials and method, For trityl-nitroxide *J*~a,b~/2π = 30 MHz, *D*~a,b~/2π = 23 MHz, and for AMUPol, *J*~a,b~/2π = 15 MHz and *D*~a,b~/2π = 35 MHz.](c7sc02199b-f2){#fig2}

The experimental results recorded at 9.4 T shown in [Fig. 2a and b](#fig2){ref-type="fig"} for TEMTriPol-1 and AMUPol, respectively, are compared to corresponding simulations in [Fig. 2c and d](#fig2){ref-type="fig"}. The simulations use the *g*-tensors as given in the Materials and methods section and average exchange interactions of 30 and 15 MHz, and dipolar couplings of 23 and 35 MHz for the trityl-nitroxide (TEMTriPol-1-type) and nitroxide--nitroxide (AMUPol-type) biradicals respectively. These qualitative simulations reproduce the absence of depolarization for the TEMTriPol-1-type biradical while showing the presence of depolarization for the AMUPol-type bis-nitroxides. Furthermore, the TEMTriPol-1-type biradical accordingly shows a theoretical nuclear Boltzmann enhancement, *ε*~B~, that remains at the maximum value when increasing the MAS frequency above 5 kHz, whereas *ε*~B~ decreases with increasing MAS frequency in this regime for the AMUPol-type biradical, as illustrated earlier.[@cit48] Note that the simulated nuclear Boltzmann enhancements are larger than the corresponding experimental values owing to the model 3-spin system used in the simulations; the inclusion of a large number of coupled nuclei is required to produce values closer to those found experimentally.[@cit49] The presence or absence of depolarization effect (depending on the biradical) is rationalized in the section: Absence of depolarization and the CE DNP efficiency.

With these observations of differing depolarization effects in mind, we reevaluated the CE DNP efficiencies of TEMTriPol-1 and AMUPol as shown in [Table 1](#tab1){ref-type="table"}. For AMUPol at 9.4 T the absolute signal gain, *ε*~abs~, decreases linearly from 75 to 60 when *ω*~r~/2π increases from 1 to 10 kHz. For TEMTriPol-1 *ε*~abs~ increases with *ω*~r~/2π to stabilize at a value of 51 above 5 kHz.

Thus, despite the large "enhancement" value of AMUPol based on *ε*~on/off~ values (190 for AMUPol, 60 for TEMTriPol-1; see [Table 1](#tab1){ref-type="table"}), the absolute signal gain of TEMTriPol-1 is actually close to that of AMUPol. Moreover, if the polarization build-up time is taken into account, then a comparison of the absolute signal gain per unit square root of time (![](c7sc02199b-t9.jpg){#ugt9}) between polarizing agents shows that TEMTriPol-1 is just as efficient as AMUPol at 9.4 T and under typical cryogenic DNP conditions (*T* ∼ 100 K), see [Table 1](#tab1){ref-type="table"}. Due to the absence of depolarization for TEMTriPol-1, *ε*~abs~ is preserved at MAS frequencies up to 14 kHz and we therefore expect that TEMTriPol-1 will become even more pertinent than AMUPol for high sample spinning frequency (\>15 kHz) applications. The preservation of a large *ε*~abs~ for TEMTriPol-1 at high MAS frequencies persists at higher magnetic fields. Significantly, the superiority, which is given by the absolute signal gain per unit square root of time, of TEMTriPol-1 over AMUPol increases with the magnetic field (see [Table 1](#tab1){ref-type="table"}). This is also expressed in the practical enhancement factor *E* reported in the right column. Note that the amount of nuclear depolarization has been observed to decrease with AMUPol with increasing magnetic field strength[@cit48] but that it is still substantial (*cf. χ*~depo~*χ*~bleach~ = 0.54 and 0.84 for AMUPol and TEMTriPol-1, respectively, at 18.8 T and 10 kHz MAS rate).

EPR experiments and analysis
----------------------------

[Fig. 3](#fig3){ref-type="fig"} shows the experimental CW EPR spectrum of TEMTriPol-1 recorded at 285 GHz (10.2 T). The spectrum shows features around 10.137, 10.151, and 10.175 T that arise from the broad powder pattern of the TEMPO moiety and correspond to the principal values *g*~*x*~, *g*~*y*~, and *g*~*z*~, respectively. The strong resonance around 10.165 T arises from the trityl moiety. This resonance has broadened compared to the resonance expected for isolated trityl,[@cit51],[@cit66] presumably due to interaction with the TEMPO radical. Upon closer inspection two resonances are apparent, a relatively narrow component and a broader one, which is most apparent from the shoulder at 10.162 T, possibly corresponding to two different values of the exchange interaction.

![Black curve: experimental 285.0 GHz CW EPR spectrum of 5 mM TEMTriPol-1 in DNP matrix recorded at 100 K. Blue curve: simulation assuming the presence of two conformations with *J*-values of 10 and 80 MHz. Red curve: simulation assuming a continuous distribution of *J*-values. This distribution in *J*~a,b~ is shown in the inset.](c7sc02199b-f3){#fig3}

In simulating the 285 GHz EPR spectrum of TEMTriPol-1, we were not able to obtain a reasonable match with the experiment when considering a single trityl-TEMPO conformation. This was observed earlier by Mathies *et al.* for TEMTriPol-1 and the other members of the TEMTriPol biradical family.[@cit51] The quality of the fit is improved by introducing a second exchange interaction component, see [Fig. 3](#fig3){ref-type="fig"}, blue curve. Both the narrow and the broader component in the trityl region of the spectrum are now reproduced. The agreement is further improved by accounting for a broad distribution of *J*-values ranging from 10 to 200 MHz as illustrated in the red curve and the inset in [Fig. 3](#fig3){ref-type="fig"}.

The estimated value of 73 MHz for the exchange interaction of TEMTriPol-1 reported earlier[@cit51],[@cit52] was based on the line splitting in the solution X-band EPR spectrum. This splitting reflects the dynamic average exchange interaction of all conformations while in frozen solution the conformations are rigid resulting in a broad distribution of conformations of TEMTriPol present in the sample. It is thus important to keep in mind that EPR parameters determined at room temperature in solution are not necessarily relevant for DNP under cryogenic conditions.

As discussed in detail by several groups, the description of the EPR spectrum of a biradical depends on 7 independent variables,[@cit67]--[@cit69] namely the Euler angles for relative orientations of the *g*-tensors, *α*, *β*, *γ*, the relative orientation of the dipolar tensor, *η* and *ξ*, the strength of the dipolar interaction, *D*~a,b~, and the exchange interaction, *J*~a,b~. For the TEMTriPol biradicals, this situation is complicated further by the presence of a distribution of conformations. Obtaining the values of all these parameters as well as a reliable distribution would require at least a multi-frequency EPR approach in combination with an advanced fitting routine, which is beyond the scope of this work. Consequently, the shape of the distribution and other fitting parameters (see Table S1[†](#fn1){ref-type="fn"}) obtained here should not be over-interpreted. The essential information reported here is the existence of a broad distribution of exchange interactions for TEMTriPol-1 when it is frozen in a glycerol/water glass at 100 K.

Microwave power dependence
--------------------------

The dependence of the enhancement factor on μw power was measured for TEMTriPol-1 at two field positions (see [Fig. 4a](#fig4){ref-type="fig"}). The first position, 9.404 T, corresponds to the maximum positive enhancement, and roughly to the e^--^ resonance of a trityl radical. In this case, the enhancement factor reaches a maximum for a gyrotron output power of 25 W and then gradually decreases as the μw power is further increased. The second position, 9.390 T, corresponds to the maximum negative enhancement, *i.e.* roughly the *g*~*y*~-value of a nitroxide radical. In this case, the enhancement factor is much smaller and steadily increases with the gyrotron output power up to 50 W.

![(a) Experimental μw power dependence of *ε*~on/off~ for TEMTriPol-1 and (b) simulated μw power dependence at ∼9.4 T. Black circles: correspond to the field position of maximum positive enhancement, red squares correspond to the field position of maximum negative enhancement. The experimental output microwave power was adjusted by changing the gyrotron collector current from 30 to 75 mA. Simulations were performed with an exchange interaction of *J*~a,b~/2π = 30 MHz.](c7sc02199b-f4){#fig4}

On the same instrument, the enhancement with AMUPol was found to be highest with a gyrotron output power of 50 W, which corresponds to an increase in power of 100% compared to the case of TEMTriPol-1. The μw rotor events, which occur when the e^--^ frequency matches the μw frequency, are more efficient for a narrow-line radical like trityl than for a broader nitroxide.[@cit44]--[@cit46] This allows easier saturation of the trityl transitions for trityl-nitroxide (as compared to a nitroxide--nitroxide) and hence maximizes the polarization difference between the two electrons of the biradical. Moreover, the presence of a narrow-line radical improves the efficiency of the CE rotor events (for a given electron--electron dipolar coupling or exchange interaction) resulting in fast and efficient polarization build-up to the surrounding nuclei.

The corresponding simulations (dependence of *ε*~B~ as a function of μw irradiation strength, [Fig. 4b](#fig4){ref-type="fig"}) are in qualitative agreement with experiments and previously published results.[@cit44],[@cit46] The maximum enhancement reaches a plateau more rapidly when the irradiation takes place on the trityl resonance compared to the nitroxide resonance. The simulations also predict similar enhancements for both positions in the limit of strong μw irradiation. This was not observed experimentally because of the power limitation of the μw source and because the application of high power μw leads to excessive sample heating, which decreases the DNP efficiency. Thus, the presence of a narrow line radical such as trityl accounts for the relatively low μw power required for efficient CE DNP in TEMTriPol-1.

DNP Zeeman field profiles, simulations, and the effect of a distribution of *J*-values
--------------------------------------------------------------------------------------

[Fig. 5](#fig5){ref-type="fig"} shows experimental DNP Zeeman field profiles and the corresponding simulations for TEMTriPol-1 at 5.0, 9.4, 14.1, and 18.8 T. The simulations include several cases where either only one *J* exchange interaction is considered (*J*~a,b~/2π = 10, 70, 140 MHz) or a distribution of *J* values is used (see EPR experiments and analysis section for details).

![Simulated and experimental DNP Zeeman field profiles for TEMTriPol-1 in frozen glycerol/water at four different magnetic fields (μw frequencies/^1^H Larmor frequency): (a, e) 5 T (139.60 GHz/212 MHz), (b, f) 9.4 T (263.67 GHz/400 MHz), (c, g) 14.1 T (395.30/600 MHz), and (d, h) 18.8 T (527.04 GHz/800 MHz). The experiments are displayed on the left-hand side and the corresponding simulations on the right-hand side. The black squares correspond to simulations that use the distribution of exchange interactions obtained from a fit to the 285 GHz EPR spectrum of TEMTriPol-1 (see insert of [Fig. 3](#fig3){ref-type="fig"}). The other data correspond to simulations with a single value of the exchange interaction: *J*~a,b~/2π = 10 MHz (orange upside down triangles), 70 MHz (red upright triangles), and 140 MHz (blue diamonds). The trityl linewidth was taken to be 9 MHz T^--1^, which corresponds to 45 MHz at 5 T (a), 85 MHz at 9.4 T (b), 127 MHz at 14.1 T (c), and 169 MHz at 18.8 T (d). Note that 0.1 mT corresponds to about 2.8 MHz.](c7sc02199b-f5){#fig5}

For instance, [Fig. 5b](#fig5){ref-type="fig"} shows the experimental DNP Zeeman field profile for TEMTriPol-1 at 9.4 T (263.67 GHz/400 MHz). The largest enhancement, *ε*~on/off~ ∼ 60, is observed at a pronounced optimum at 9.404 T, on resonance with the trityl moiety. A shoulder (around 9.410 T) is clearly observed on the high-field side of this optimum, and at lower magnetic field, the enhancement becomes negative. The negative enhancement maximum is broader and more modest, *ε*~on/off~ ∼ --17. The overall shape of the profile is consistent with the field profiles reported earlier at 5.0, 14.1 and 18.8 T, reproduced here for convenience in [Fig. 5a, c and d](#fig5){ref-type="fig"}.[@cit51] As the static magnetic field increases, the ratio \|*ε*+on/off,max\|/\|*ε*--on/off,max\| increases along with it (2.5, 3.5, 5.8, and 8.1, respectively). The positive enhancement peak narrows as the field increases, the shoulder on the high-field side nevertheless remains discernable.

[Fig. 5e--h](#fig5){ref-type="fig"} illustrates simulations of the experimental field profiles at 5.0, 9.4, 14.1, and 18.8 T of TEMTriPol-1. Details and parameters of these simulations are provided in the Materials and Methods section. A quick comparison between the left and the right column allows concluding that single *J*-value simulations are not sufficient to reproduce the experimental results for any magnetic field. The situation is different when the broad distribution of *J* exchange interaction (0--130 MHz), obtained from the 285 GHz EPR spectrum of TEMTriPol-1 ([Fig. 3](#fig3){ref-type="fig"}), is considered. In this case, the simulations reproduce the shapes of the experimental field profiles reasonably well, including the increase of \|*ε*+on/off,max\|/\|*ε*--on/off,max\| with the field and the high-field shoulder.

The quantitative agreement between the simulations and the experiments is less satisfactory. The maxima of the simulated *ε*~B~ factors are higher than the experimental values at all magnetic fields. Considering the current model, this is not surprising. The simulations report the transfer of polarization for an ensemble of coupled electron--electron--^1^H spin systems, *i.e.* polarization is transferred to a single dipolar coupled ^1^H, whereas in reality there is a gradual transfer *via* multiple interacting ^1^H to the bulk ^1^H.[@cit49] The value for *T*~1*n*~ used here (4 s) at all magnetic fields was chosen because it represents the long *T*~1*n*~ limit of nearby nuclei, whereby the *T*~1*n*~ is not the dominating factor in the final polarization (see Fig. ESI1[†](#fn1){ref-type="fn"}). However, realistically the *T*~1*n*~ of ^1^H close to electrons will probably be shorter.[@cit49] This makes the simulations, compared to the experiments, more forgiving towards inefficient or slow polarization transfer to the ^1^H.

When the *J* exchange interaction is small compared to the EPR linewidth of the trityl component (dominated by *g*-anisotropy, 8--9 MHz T^--1^),[@cit66] the DNP Zeeman field profile is similar to the profile reported by Hu *et al.* for a mixture of trityl and nitroxide monoradicals, with a narrow positive DNP enhancement peak at the position of the trityl resonance.[@cit38] This is the case for *J*~a,b~/2π = 10 MHz (orange upside down triangles) for all the magnetic fields considered here. When *J* increases, the positive enhancement peak broadens and eventually splits, roughly when *J* becomes larger than half the trityl EPR linewidth (*e.g.* red triangles in [Fig. 5e](#fig5){ref-type="fig"}). The presence of high *J* values changes the resonance matching condition but also gradually decreases the CE DNP efficiency. Note that the latter is not possible when \|*D*~a,b~ + 2*J*~a,b~\|/2π ≥ (*ω*~*n*,H~/2π), as first noted by Van Houten *et al.*,[@cit70] and that the DNP enhancement will then arise solely from two inefficient SE processes for each of the split trityl resonances (see [Fig. 5e](#fig5){ref-type="fig"}, blue diamonds).

The Zeeman experimental field profiles for TEMTriPol-1 in [Fig. 5](#fig5){ref-type="fig"} are determined by the broad distribution of *J* values and their shape as well as their field dependence can be understood with the aid of the simulated single *J*-value field profiles. The shoulder on the high-field side of the enhancement optimum comes from molecular conformations with a strong exchange interaction, presumably the 100 MHz mode in the *J*-distribution (see the inset in [Fig. 3](#fig3){ref-type="fig"}). The narrowing of the positive-enhancement optimum and the increase in the ratio \|*ε*+on/off,max\|/\|*ε*--on/off,max\| with increasing magnetic field is directly determined by the exchange interaction values relative to the increasing line width of trityl (dominated by *g*-anisotropy). At 5.0 T, and to a lesser extent at 9.4 T, the TEMTriPol-1 conformations with the strongest exchange interactions do not contribute to CE DNP, because 2*J*~a,b~/2π ≥ (*ω*~*n*,H~/2π), or only weakly because *J* is large compared to the trityl linewidth. When the magnetic field is increased, the proportion of TEMTriPol-1 conformations that contribute effectively to the CE DNP enhancement increases, which explains the experimentally observed increase in enhancement for TEMTriPol-1 from 5.0 to 9.4 to 14.1 T. Thus, the broad *J* distribution (from 0 to 125 MHz) for TEMTriPol-1 explains the biradical\'s continued performance at higher magnetic fields, as more conformations begin to contribute to the DNP. This increase in enhancement is eventually capped at 18.8 T by a decreasing CE efficiency, as discussed in the next section.

Absence of depolarization and the CE DNP efficiency
---------------------------------------------------

Hyperpolarization and depolarization in CE DNP are the result of a difference between the nuclear polarization, *P*~n~, and the difference in polarization of the two electronic spins, \|*P*~a~ -- *P*~b~\|. During the course of the sample rotation, the cross-effect matching condition \|*ω*~0,S~a~~ -- *ω*~0,S~b~~\| ≈ \|*ω*~n~\| is periodically fulfilled. During these cross-effect rotor events, the electron-nuclear dipolar coupling together with the electron--electron coupling, which can be a dipolar coupling or the exchange interaction, enable a polarization transfer between *P*~n~ and \|*P*~a~ -- *P*~b~\|, with an interaction coefficient proportional to \|*D*~a,b~ + 2*J*~a,b~\|*A*~a,n~/*ω*~n~.[@cit45]--[@cit47],[@cit49],[@cit71] Polarization equilibration occurs in the limit of the longitudinal relaxation. Each crystal orientation may experience depolarization or hyperpolarization, depending on whether its Boltzmann nuclear polarization *P*~n~(0) is larger or smaller than \|*P*~a~ -- *P*~b~\|, respectively, at the time of a CE rotor event. To illustrate the difference between bis-nitroxides and trityl-nitroxides, we calculated the electron and nuclear polarizations *P*~a~, *P*~b~, *P*~n~ at "quasi periodic steady state" after equilibration for \>5*T*~1,n~*without μw irradiation* for 144 crystallite orientations and for three different dipolar coupling strengths, *D*~a,b~. The average values of the electron polarizations *P*~a~, *P*~b~, and the maximum electron polarization difference relative to the initial nuclear polarization, \|*P*~a~ -- *P*~b~\|~max~/*P*~n~(0), are plotted in [Fig. 6a--f](#fig6){ref-type="fig"}, respectively.

![(a--c) Histograms of the mean individual electron polarizations, *P*~a~ and *P*~b~, at steady-state for 144 different crystallite orientations of a bis-nitroxide (red and blue) and a nitroxide-trityl (nitroxide in green, trityl in black) electron spin system with different dipolar couplings: (a) *D*~a,b~/2π = 0 (isolated electron spins), (b) *D*~a,b~/2π = 3 MHz, (c) *D*~a,b~/2π = 23 MHz. (d--f) Histograms of the maximum electron polarization difference \|*P*~a~ -- *P*~b~\|~max~ over one rotor period at the quasi-periodic steady state for 144 different crystallite orientations of a bis-nitroxide (in red) and a nitroxide-trityl (in black) electron spin-system with the same set of dipolar couplings as (a) to (c). \|*P*~a~ -- *P*~b~\|~max~ is normalized by the initial nuclear Boltzmann polarization *P*~n~(0). The vertical dotted line (same color code as for the bars) represents the mean powder-averaged nuclear polarization at steady state scaled by *P*~n~(0), and corresponds to the theoretical mean *χ*~depo~. In all calculations *ω*~r~/2π = 8 kHz, *B*~0~ = 9.399 T, *T* = 100 K, and ^1^H is the nucleus with polarization *P*~n~ that is hyperfine coupled (1.5 MHz) to electron a (the nitroxide electron, which also has a hyperfine interaction to a ^14^N spin ranging from 15 to 98 MHz).](c7sc02199b-f6){#fig6}

For the case of isolated electron spins (no coupling), the average electron polarizations for electrons a and b under sample rotation and finite relaxation are well defined as shown in [Fig. 6a](#fig6){ref-type="fig"}. For all crystallite orientations the polarizations converge towards the isotropic *g*-values, named here 'isotropic Boltzmann polarizations', of the nitroxide and the trityl radicals. The wider distribution of the mean electron polarization for the nitroxide spins is due to the hyperfine coupling to ^14^N. In the trityl-nitroxide case (black and green bars in [Fig. 6a](#fig6){ref-type="fig"}), the isotropic *g*-values differ by approximately the ^1^H Larmor frequency. Hence, \|*P*~a~ -- *P*~b~\|~max~ ≈ *P*~n~(0) for all crystallites (black bars in [Fig. 6d](#fig6){ref-type="fig"}). This situation is very different in the bis-nitroxide case, where \|*P*~a~ -- *P*~b~\|~max~ ≈ 0 (red bars in [Fig. 6d](#fig6){ref-type="fig"}). Both electron spins have the same (nitroxide) *g*-tensor and thereby the same mean polarizations (blue and red bars in [Fig. 6a](#fig6){ref-type="fig"}). Small non-zero values of \|*P*~a~ -- *P*~b~\|~max~ can nevertheless be observed because the electron longitudinal relaxation rate is of the same order of magnitude as the MAS frequency. In the absence of any electron--electron interaction, polarization transfer cannot take place during a CE rotor event, which means that neither ^1^H depolarization (in absence of μw), nor hyperpolarization (in presence of μw) will occur. For both biradical types, the mean nuclear polarization at the steady state remains therefore at its initial Boltzmann level. This corresponds to a theoretical depolarization contribution factor, *χ*~depo~ = 1, and it is highlighted in [Fig. 6d](#fig6){ref-type="fig"} by the vertical, dashed line.

When an electron--electron interaction is introduced (in these simulations a dipolar interaction, *D*~a,b~/2π), both the electron--electron as well as CE rotor events become active. Depending on the size of this coupling, electron--electron rotor events will be more or less efficient in exchanging polarization between the two electron spins. In the case of a small coupling, shown in [Fig. 6b and e](#fig6){ref-type="fig"}, electron--electron rotor events are inefficient and a partial equilibration of polarization between the two electrons is observed. If electron longitudinal relaxation times are sufficiently long, this decreases \|*P*~a~ -- *P*~b~\|~max~. At the same time, CE rotor events put \|*P*~a~ -- *P*~b~\| in contact with the nuclear spin polarization *P*~n~. When *P*~n~ is larger than \|*P*~a~ -- *P*~b~\| at the time of the CE rotor event, the nuclear spin will be depolarized in favor of the electron spin polarization difference (if longitudinal nuclear relation times are sufficiently long).[@cit46],[@cit49] For bisnitroxides, inefficient electron--electron rotor events barely impact the already small \|*P*~a~ -- *P*~b~\|~max~ values, which are much smaller than the initial Boltzmann nuclear polarization, *P*~n~(0). Therefore, CE rotor events induce a strong depolarization of the nuclear spins with *χ*~depo~ ≈ 0.45. Note that, at quasi-periodic steady state, *P*~n~ does not reach the mean value of \|*P*~a~ -- *P*~b~\|~max~ because the CE rotor events do not completely overcome the nuclear spin relaxation. For trityl-nitroxide biradicals, the situation is again very different. Because the high-frequency EPR spectra of the nitroxide and trityl radicals partially overlap, while their isotropic *g*-values differ by approximately the ^1^H Larmor frequency, only a fraction of the crystallites (60--70 orientations out of 144) experience electron--electron rotor events. For these crystallites, the mean electron polarizations *P*~a~ and *P*~b~ will tend to values in between the isotropic Boltzmann polarizations of nitroxide and trityl electron spins (see the black and green bars in [Fig. 6b](#fig6){ref-type="fig"}), leading to strongly reduced \|*P*~a~ -- *P*~b~\|~max~. For the other crystallites (70--80), the mean electron polarizations remain at their original isotropic Boltzmann values, keeping \|*P*~a~ -- *P*~b~\|~max~ ≈ *P*~n~(0). Even for weakly coupled trityl-nitroxide biradicals, the nuclear spins are only partially depolarized, and a mean *χ*~depo~ of 0.8 is found. Consequently, even in the case of small dipolar coupling the depolarization effect is strongly reduced for a trityl-nitroxide compared to bis-nitroxides.

This difference in the depolarization effect becomes even more pronounced when a stronger electron--electron coupling is considered, *e.g. D*~a,b~/2π = 23 MHz as shown in [Fig. 6c and f](#fig6){ref-type="fig"}. With such a coupling, electron--electron rotor events become much more efficient for the vast majority of crystallite orientations (but not those with the dipolar tensor aligned along the magic angle for example) in the trityl-nitroxide case and \|*P*~a~ -- *P*~b~\|~max~ is again similar to *P*~n~(0) or even slightly higher. This then results in a small hyperpolarization *without μw irradiation* as proposed by Thurber *et al.*[@cit47] (*χ*~depo~ ≈ 1.2, but the exact value is highly dependent on the isotropic *g*-values) as opposed to depolarization. For a bis-nitroxide, the stronger electron--electron coupling broadens the distribution of the mean polarizations and \|*P*~a~ -- *P*~b~\|~max~/*P*~n~(0) extends now from 0 to 0.9. Nevertheless, a strong average depolarization of *χ*~depo~ ≈ 0.55 is observed.

The results of the simulations presented in [Fig. 6](#fig6){ref-type="fig"} fully rationalize the absence of depolarization in trityl-nitroxide biradicals. As discussed above, this is the result of three factors. First, the number of crystallite orientations that experience electron--electron rotor events is reduced and hence the potential for depolarization effects (due to inefficient electron--electron crossings). Second, the separation of the isotropic *g*-values of the trityl and nitroxide radicals is approximately *ω*~0^1^H~ which naturally creates a polarization difference between the two electrons that minimizes depolarization. Third, such polarization difference is roughly maintained in the case of trityl-nitroxide biradicals, even for orientations that experience electron--electron crossings, since the electron--electron rotor events are intrinsically more efficient in the case of mixed radicals (that include a narrow-line radical) as compared to bis-nitroxides.

Additional simulations (Fig. ESI2[†](#fn1){ref-type="fn"}) show that the nuclear Boltzmann enhancement, *ε*~B~ increases with the size of the dipolar coupling and/or exchange interaction for the trityl-nitroxide configuration. Notably, *ε*~B~ is independent of MAS frequency when *ω*~r~/2π is larger than a few kHz and when the electron--electron couplings are \>10 MHz. Although this remains to be verified experimentally at spinning frequencies above 14 kHz, simulations suggest that this modest electron--electron coupling is sufficient to avoid depolarization in trityl-nitroxide biradicals even at high spinning frequencies. Nevertheless, larger electron--electron couplings (\>10 MHz) like in the TEMTriPol biradicals, as well as the use of a narrow-line radical, will help to maintain this efficiency at high magnetic field and fast MAS and lead to higher enhancements as well as shorter polarization build-up times.[@cit44],[@cit46],[@cit49] Note that it remains important to choose a biradical polarizing agent with an electron--electron interaction smaller than the EPR line width (as determined by the *g*-anisotropy at high field) and that satisfies \|*D*~a,b~ + 2*J*~a,b~\|/2π ≤ *ω*~n,H~/2π. Finally, the narrow EPR line of trityl will decelerate the electron--electron as well as the μw rotor events, meaning these are more efficient in trityl-nitroxide biradicals as compared to bis-nitroxide biradicals.

^13^C--^13^C correlation in NA cellulose at 18.8 T
--------------------------------------------------

In this section the efficiency of TEMTriPol-1 is illustrated by recording a DNP-enhanced ^13^C--^13^C correlation spectrum on a sample at natural isotopic abundance (NA). This is a demanding experiment in terms of sensitivity since only 1 pair of ^13^C nuclei out of 10^4^ can contribute to the signal. Such experiments were first demonstrated at 9.4 T using through-bond[@cit17],[@cit72] and through-space[@cit17],[@cit73] ^13^C--^13^C correlation spectroscopy. Subsequently, ^15^N--^13^C through-space correlation experiments were shown to also be possible at NA (^15^N ∼0.4%, ^13^C ∼1.1%) using DNP.[@cit74] The through-space experiments are particularly interesting within the context of NMR crystallography since they allow the spectral assignment of ^15^N/^13^C/^1^H resonances without the need for complementary quantum chemical calculations.[@cit74] In addition, it enables detection of both intra- and inter-molecular distances,[@cit73]--[@cit75] which is an important step in structure determination. However, extension of these types of sensitivity-demanding experiments to *B*~0~ \> 10 T has so far been unsuccessful due to the poor efficiency of DNP in this regime.

Because TEMTriPol-1 results in \>4 times the sensitivity obtainable with AMUPol at 18.8 T (see [Table 1](#tab1){ref-type="table"}), currently the highest magnetic field available for DNP experiments, a 2D ^13^C--^13^C NA correlation spectrum of microcrystalline cellulose could now be recorded in an overnight experiment. The corresponding spectrum is shown in [Fig. 7](#fig7){ref-type="fig"} and can be used to perform spectral assignment and probe the spatial proximities of the ^13^C atoms. The mixing time chosen targets polarization transfer over one ^13^C--^13^C distance, but also allows contributions from two-bond transfers at much lower contour levels. The 1D spectrum shown on the top of the 2D is consistent with a type I cellulose, composed of the superposition of *I*~α~ and *I*~β~ polymorphs (see Table ESI2[†](#fn1){ref-type="fn"} for the chemical shift assignment). In general, the ^13^C NMR spectra of crystalline cellulose I display triplets at C1, C4, and C6 depending on the *I*~α~/*I*~β~ ratio. The high resolution resulting from the use of 18.8 T reveals this splitting in the ^13^C CPMAS data. In addition, the C4/C6 resonances clearly display a broad and a narrow component (at lower frequency), which is typically attributed to the presence of both crystalline and amorphous fractions. All the one-bond correlations (C1--C2, C2--C3, C3--C4, C4--C5, C5--C6) are present in the 2D data of [Fig. 7](#fig7){ref-type="fig"}, including correlations involving the C4 and C6 amorphous fractions. For instance, this can be observed on the right-hand side of [Fig. 7](#fig7){ref-type="fig"} where the DQ-SQ cross-peaks at around 160 ppm in the DQ dimension represent the C4~amorphous~--C3/C5 correlations.

![DNP-enhanced 2D DQ-SQ ^13^C--^13^C SPC5 ([@cit76]) dipolar correlation spectrum recorded on microcrystalline cellulose at natural isotopic abundance at 18.8 T and ∼125 K. The MAS frequency was 6.9 kHz and the number of scans was 32. The spectrum was obtained in 16 hours with a recycling delay of 24 s, and 1.16 ms of SPC5 total mixing time. A corresponding DNP-enhanced {^1^H}--^13^C CPMAS spectrum is shown on the top. Solvent peaks, as well as spinning sideband contributions from ^13^C-urea present in the DNP matrix are indicated by a dagger symbol. (Left) Full DQ-SQ cellulose spectrum. Cross-peaks marked with a star represent spinning sideband contributions. (Right) Zoom on the C4 to C3/C5 cross-peaks. Note that the contour levels on the right-hand side were chosen just above the noise level in order to see the correlations from the amorphous C4 peaks.](c7sc02199b-f7){#fig7}

Note that the same spectrum, if recorded using AMUPol, which is one of the best water-soluble bis-nitroxide polarizing agents to date, would have taken 18 times longer, *i.e.* about 12 days of experimental time. This is a powerful illustration of the significance of on-going efforts to develop new, improved polarizing agents, such as TEMTriPol-1, and the importance of advancement in the understanding of the CE DNP mechanism during MAS by both experiments and theoretical simulations.

Conclusions
===========

We have shown in this work that TEMTriPol-1, a mixed biradical composed of tethered nitroxide and trityl radicals, is so far the *most efficient biradical for MAS-DNP NMR at magnetic fields ≥ 9.4 T and fast MAS (up to 14 kHz)*. Although it yields modest *ε*~on/off~ values at 9.4 and 14.1 T compared to AMUPol (in agreement with previous observations[@cit51]), the absolute signal gain, *ε*~abs~, and the absolute signal gain per unit square root of time (*i.e.* the resulting sensitivity) are similar or higher at all fields above 9 T. This discrepancy between *ε*~on/off~ and *ε*~abs~ arises because TEMTriPol-1, unlike AMUPol, does not induce nuclear depolarization during sample rotation. This underlines that *ε*~abs~ (or *ε*~B~) rather than *ε*~on/off~ should be used to gauge the efficiency of a polarizing agent.

The absence of depolarization with TEMTriPol-1 is a consequence of the specific *g*-tensor properties of the two radicals: a narrow and a broad EPR pattern with isotropic *g*-values separated by approximately the ^1^H Larmor frequency. In the absence of μw irradiation TEMTriPol-1 provides on average an electron spin polarization difference that matches the ^1^H polarization. Moreover, it minimizes potential inefficient polarization exchange between the two electron spins during electron--electron rotor events, which have been shown to govern depolarization losses.[@cit44],[@cit46],[@cit48]

High-frequency EPR spectra of TEMTriPol-1 confirm the presence of the broad distribution of exchange interactions that was necessary to simulate the experimental DNP Zeeman field profiles and the MAS dependence of *ε*~abs~ and *χ*~depo~. This illustrates the relevance of numerical simulations in evaluating the performance of a given biradical geometry, which is vital for continued optimization of the chemical structure of polarizing agents.

The large absolute signal gain per unit square root of time provided by TEMTriPol-1 for DNP at 18.8 T enabled the first 2D ^13^C--^13^C correlation experiment on a sample at natural isotopic abundance at this field. Thus, chemists and biologists alike can now access both the highest sensitivity and resolution for solid-state NMR analyses, facilitating previously impossibly complex structural studies.
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